Abstract. Heat economy is a pressing issue in all countries with severe climate. The most frequent method to solve the problem is to decrease heat losses in buildings by increasing the thermal resistance of enclosures. The most popular measure to improve windows is the use of low-emissivity coatings and inert gases. The U-value of such glazing unit is mostly dependent on the possibility of coating to reflect IR (infrared) radiation. These coatings are very effective when surface temperatures are high. During service of windows with a change of outdoor conditions (mostly temperature and wind), an U-value of it will suffer changes. The aim of this article is to show an influence of outdoor temperature on thermal performance of windows with a low-emissivity glazing and to determine the differences of declared and design U-values of modem effective windows substantial enough to introduce a concept of a normative design U-value for windows in Lithuania. We have found that differences between declared and design values (under the conditions of Lithuania) reach on average up to 17 % for double glazed IG units with one low-E coating. Thus in case of very effective windows, it makes sense to introduce a concept of design U-value for windows in our country.
I. Introduction

Radiant transfer to surrounds
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Heat economy is a topical issue in all countries with a severe climate. It helps to save the limited energy resources and preserve the environment. The most frequent method used to solve the problem is to decrease heat losses in buildings by increasing the thermal resistance of enclosures such as walls, floors, attics etc. These losses are dependent on thickness of layers and their thermal conductivities [1] [2] [3] . Unfortunately, those dependencies are not effective for windows or other transparent multilayer elements of a building envelope. The above mentioned enclosures transmits heat in three ways: by convection, by conduction and by radiation (Fig 1 ) . For example, a typical double-glazed window radiation accounts for up to 2/3 of the total heat loss through it while conductive and convective heat transfer express the remaining 113 [4] . In this case the thermal resistance (R-value) of a glazing results from the airspace between panes of glass and from thin layers of air at the inside and outside surfaces of an assembly that slows down the heat transfer. The glass itself has negligible resistance to heat flow [5] and may be neglected. One focus for improving the thermal performance of windows has been to control thermal radiation losses, because radiation constitutes about 40 % of the total heat transfer [6] . The use of low-emissivity coatings for glazing decreases the amount of heat transferred by radia-tion. Heat loss due to convection can be decreased by use of heavier than air one or two-atomic gases, which have negligible reradiation feature. An increased thermal resistance can also be achieved using rather esoteric technologies such as aerogels and evacuated glazings [7] .
Low-emissivity glazings were pioneered in the late sixties and early seventies [8] . A batch sputtering technique was used in the USA to deposit indium oxide coatings on glass. Electrically conductive coatings of this type were used to heat glass and improve visibility [9] . Advances in films, coatings and production methods have improved the quality and reduced the cost of low-emissivity glazing. In 1985 low-emissivity glazings constituted 5% of the USA residential market [10] . It was predicted that in 1988 this would be increased up to 25 % [ 11] .
In Lithuania today heat energy conservation and diminishing heat losses through enclosures in buildings is also an urgent issue. Since 1992, after validation of new requirements for heat conservation through building envelope in the new building code RSN143-92 "Thermal technics of building enclosures" [ 12] and later in 1999 after STR2.05.0 1: 1999 "thermal technique of envelopes of the buildings" [3] was issued, a required value for heat transfer coefficient of most enclosures was tightened and reduced some times, but not for windows. It happened because of restricted economically paying back and technical possibilities for improving heat transfer coefficient of windows [13] .
With a change of economic situation in Lithuania and improvement of technologies, more and more effective heat conserving measures for windows have been used (low-emissivity coatings applied to glass, inert gas filling a cavity of a glazing unit, etc). The most popular measures include the use of low-emissivity coatings and inert gas [14] . The U-value of such glazing unit is mostly dependent on possibility of coating to reflect IR (infrared) radiation. It is known that these coatings are very effective when surface temperatures of it are high [ 15] . During service of windows with a change of outdoor conditions (mostly temperature and wind}, a U-value of it will change too. This is rather new subject of investigation, because we did not find any article concerning this issue and also in discussions with some Swedish, Estonian, Russian researchers we have understood that this subject at the moment is of no interest. American researchers working in the field of window investigation do not show the activity either. This is quite understandable because in the USA the declared U-value of window is measured or calculated with the outdoor temperature of minus 17,8 °C, ie quite close to the real design conditions. Only EN standard [ 16] mentions the possibility for design purposes to use other environmental conditions than those declared.
Why is this subject so urgent today? Heat losses of buildings are calculated more and more precisely. So a heating source power is to be chosen also with a smaller reserve. Now it is recommended to choose a heating power just with a reserve of 10 %. This requires to be very cautious evaluating thermal insulating values of building elements, of windows too. In most cases heat losses through windows for apartments reach about 25 to 30 % of total heat losses, even up to about 40 % for separate apartments located in a middle floors of multistorey dwellings. In public buildings the area of windows is bigger and have a tendency to grow. For them the problem of correct calculation of heat losses is more evident.
In modern windows, with IG units having very effective low-emissivity coatings, it becomes clear that during the coldest period of a heating season the declared and design U-value should evidently differ. If it is not so important to calculate heat losses of a whole heating season, it may become an important issue during the coldest period considering whether it would be enough power for a heating source. For ordinary thermal insulating materials and IG units (without low-emissivity coatings) thermal insulating features become better with lowering their mean temperature and the declared values can be taken as design values. But for IG units with effective low-emissivity coatings with lowering a mean temperature, their thermal insulating features become worse.
Therefore it would be necessary to introduce a term of a design U-value for windows as it is used for other building elements. As we have mentioned before, standard EN 673 [ 16] clearly writes about a possibility to apply or introduce a design U-value for windows if it is necessary.
The aim of this article is to define the influence of outdoor temperature on thermal performance of windows with low-emissivity glazing and to determine the differences of declared and design U-values of modern effective windows substantial enough to introduce a concept of a normative design U-value for windows, neglecting an impact of ageing.
Means of investigation
Numerical simulation of heat transfer through IG units and simplified calculation theory
Simulation was provided by a numerical method of solution for a model described in [17] . This program (WINDOW 4.1) has been developed by the Windows and Daylighting Group at Lawrence Berkeley Laboratory for calculating total window thermal performance indices (ie U-values, solar heat gain coefficients, shading coefficients and visible transmittances). The program calculates a combined heat flow (conduction, convection and radiation) by solving two-dimensional heat transfer using the finite difference method.
The U-value of a glazing without edge effects, under steady-state conditions between environmental temperatures on each side is found by [ 16] :
where he and h; are the external and internal surface heat transfer coefficients; h 1 is the total thermal conductance of glazing unit:
where n is the number of spaces; d j -thickness of each material layer; rj -thermal resistivity of each material (r = 1,0 m·K/W of soda lime glass); m-number of material layers. h 5 -thermal conductance of each gas space: (4) where hr is the radiation conductance; h 8 -gas conductance.
The radiation conductance between two surfaces is given by:
where cr is the Stefan-Boltzmann's constant ( cr = 5,67·1~ WI m 2 K 4 ); T m -mean absolute temperature of the gas space;
£ 1 and £ 2 -corrected emissivities at Tm . The equation (5) indicates that a heat transfer through a space increases with increasing a mean space temperature.
Convection is a heat transfer due to moving and mixing of particles of fluids with different temperatures. In natural convection this movement is caused by density difference due to temperature differences, with the warmer portions rising and the colder, denser portions sinking. If the driving forces are external, such as wind or ventilation, the heat transfer is referred to as forced convection. The convective heat transfer through a gas layer is mainly due to conduction [ 18] and it can be expressed by gas conductance h 8 .
The gas conductance is given by [18]:
where s is the width of the space; A -thermal conductivity; Nu -Nusselt number:
where A is a constant (for vertical glazing A is 0,035); n -exponent (for vertical glazing n is 0,38); GrGrashof number; Pr -Prandtl number:
where t..T is the temperature difference between glass surfaces bounding the gas space; p -density; 11 -dynamic viscosity; c -specific heat capacity; T m -mean temperature.
If the Nusselt number calculated by equation (7) is less than I ,0, then it is equated to I ,0 calculating conductance h 8 in equation (6).
The corrected emissivities £ of the surfaces bounding the closed spaces are required to calculate the radiation conductance hr in equation (5). For uncoated soda lime glass surfaces or for soda lime glass surfaces with coatings which have no effect on the emissivity, the corrected emissivity to be used is 0,837. For other coated surfaces the normal emissivity En shall be determined with an infrared spectrometer. Then the corrected emissivity is determined from the normal as described in annex A.2 [16] . Specimens. Measurements of U-value were made on 500 x 500 mm IG unit with two panes and one 16 mm space, filled up with I 00 % argon gas. One pane was with infrared low-emissivity coating. The second IG unit was the same, but filled up with air.
Equipment. In the current study verifying U-value measurement was made using a heat flow meter apparatus with 250 x 250 mm central measuring area, which conforms to standard ISO 830 I [ 19] .
Normal emissivity of low E coating was measured with emissometer model AE-RDI (Comperipherials, Inc.), accuracy ± 0,3% + I digit, repeatability ± 0,01 emittance units.
Measurement. The values of heat flow density and temperatures in the sample were measured under stationary declared environmental conditions in vertical position, when the mean temperature of IG unit is about I 0 °C.
After measurement of U-value, the IG unit was disassembled and normal emissivity of low-E coating was measured.
Results. For calculations the measured emissivity of low-E coating was used. The measured, calculated and programme simulated values of thermal transmittance of IG units appeared quite close to each other. This convinced us that WINDOW 4.1 programme simulations are really secure and accurate (Table 1) . 
Objects of investigation
There is a huge number of different IG units with different parameters (Table 2) . We are going to investigate just a limited number of them. We have mentioned before that in [16] it is suggested to calculate a design U-value, because in building design the use of declared value may not always be sufficiently accurate. Here it is said that the design value shall be calculated appropriate to the position of the glazing and the environmental conditions, ie using correct boundary values of hs, he and h; which shall be stated.
The design boundary conditions were taken for Vilnius city [20, tables 2.11 and 5.5] because of two reasons: the first -only for Vilnius there are wind speed data dependent on outdoor air temperature, the second -design outdoor temperature varies throughout Lithuania from -20 oc to -23 °C, ie differences are rather small and there is no reason to use design conditions for every city.
Results of investigation and discussion
Below in Table 3 For design U-values of other building components than windows the outdoor surface resistance is taken the same as for declared U-values, ie 0,04 (m 2 K)/W, which corresponds to about 4-5 m/s wind speed. For calculating window design U-value it would be incorrect to use this outdoor surface resistance value because of a relatively low R-value of windows itself.
The curves in ii . ues. Here we can see that taking the different external surface heat transfer coefficients, which are dependent on a wind speed, makes the observable influence on the thermal transmittances of ordinary IG units without any effective low-E coating. Thus it also drives us to the opinion that for design U-values of windows, at least for those with effective low-E coatings, the best thing is to use an external surface heat transfer coefficient corresponding to an average wind speed during the coldest period. In Lithuania the coldest days period is the period of five coldest days in fifty years and its average temperature is taken as a design temperature for heating. As we can see from Table 3 and Fig 2, the U-values for ordinary IG unit without any low-E coating have a slight tendency to fall down with dropping down of an outdoor temperature. For this type of units there is no reason to introduce a concept of a design U-value. This makes sense only for IG units with effective low-E coatings, up to emissivity value of En = 0,2. In this case, if to take a declared value instead of a design value, this could lead to a mistake calculating heat losses of ordinary apartments in middle floors of dwellings up to 7 % of the total heat losses. To learn the reasons why the IG units with effective low-E coatings have lost their thermal protective values with lowering of outdoor temperature, we have calculated ( according to procedures in [16] ) the constituents of a heat transfer U: radiation conductance h,, gas conductance hg, thermal conductance of a gas space h 5 and a total thermal conductance of glazing unit hr The calculation results are placed in Table 4 and according to these results graphs in Fig 6 have been drawn.
Why does with dropping of outdoor temperature the U-value of an IG unit become worse, at least for those with low-emissivity values of coatings, can be explained taking into account such remarks:
-with lowering of the outdoor temperature, the difference between gas conductance h due to a change of an emissivity value E of coatiJg is almost stable and as a rule for coatings with a low-emissivity values it is much bigger than a difference between radiation conductance values h,; -with lowering of emissivity values E, radiation conductance values h, due to a change of surface temperatures become closer to each other; Fig 6, it is clearly seen that the constituent of a radiation of a heat tran~fer through IG unit with lowering of an emissivity value E of coating is constantly diminishing, while the gas constituent which includes convection and conduction at the same conditions remains almost stable.
Conclusions and recommendations
After a short revue of U-values of different IG units presented in Table 3 and Figs 2-5 we have made the following conclusions:
I. A gas filling of IG unit practically does not have any influence on dependence of U-value on the outdoor temperature change. There is almost no influence of a spacer width on dependence of U-value on the outdoor temperature. This influence is mostly contributed by emissivity of low-E coating and is very intense for IG units with very effective low-E coatings. With growing of E 11 value an influence of outdoor temperature on a change of U-value is diminishing. 2. Differences between the declared and design values reach on average up to 17 % for double glazed IG units with one low-E coating. This is quite a big inadequacy. 3. Calculation of heat losses for building using declared U-values of windows instead of design values could lead to a mistake up to 7 % of a total heat losses of ordinary apartment. For public buildings with large glazed areas a calculation mistake could reach over 10 %. 4. With a situation above, choosing a power rate for a heating source of a building or apartment, a danger arises not to maintain a correct indoor microclimate during the coldest winter period, especially if a safety factor of a heating source is taken as 1,1 (ie 
